Abstract: This paper aims to address the sustainability of power resources and environmental conditions for telecommunication base stations (BSs) at off-grid sites. Accordingly, this study examined the feasibility of using a hybrid solar photovoltaic (SPV)/wind turbine generator (WTG) system to feed the remote Long Term Evolution-macro base stations at off-grid sites of South Korea the energy necessary to minimise both the operational expenditure and greenhouse gas emissions. Three key aspects have been discussed: (i) optimal system architecture; (ii) energy yield analysis; and (iii) economic analysis. In addition, this study compares the feasibility of using a hybrid SPV/WTG system vs. a diesel generator. The simulation results show that by applying the proposed SPV/WTG system scheme to the cellular system, the total operational expenditure can be up to 48.52% more efficient and sustainability can be ensured with better planning by providing cleaner energy.
Introduction
Mobile communication is one of the most successful technological innovations in modern history. However, the Long Term Evolution (LTE, also known as pre-4G, i.e., 3.9G) of a cellular network is considered to be the fastest developing technology in mobile communication [1] . In addition, South Korea has witnessed tremendous development in the LTE cellular network in the last five years [2] . Today, South Korea has an LTE cellular network unrivalled in both technology and reliability, with the best global coverage (97% of the time on LTE) [3] . The LTE network offers data-oriented services that include, but are not limited to, multimedia communications, online gaming, and high-quality video streaming. As a result, the number of mobile subscribers has increased exponentially, prompting the mobile operators to significantly increase the number of LTE BSs to meet the needs of mobile subscribers. In 2013, the number of LTE BSs was 35,255 units; that number increased by 4.7-fold in 2015 to 165,193 LTE BSs [2] . This increase of LTE BSs led to increases in both the energy consumption and operational expenditure (OPEX) as a result of the LTE BS being the primary source of energy consumption in cellular networks, accounting for 57% of the total energy used [4, 5] . Moreover, cellular network operators are continually seeking to increase their network coverage areas, provide services to potential customers in rural areas, and open new markets to increase profitability. Diesel generators (DGs) are typically used for power at off-grid BS sites because extending the grid connection to power off-grid BS sites is not economically attractive or existing grid electricity is not available because of geographical limitations [6] . Today, the idea of using diesel generators as a primary power supply has become less favourable because of the challenges linked to their reliability, availability, high operational and maintenance (O&M) costs, and significant environmental impacts [7] .
1.
To determine the optimal size and technical criteria of the hybrid SPV/WTG system to feed LTE-macro BS deployment at off-grid sites of South Korea. The optimum criteria, including economic, technical, and environmental feasibility parameters, were analysed by the Hybrid Optimisation Model for Electric Renewable (HOMER).
2.
To analyse and evaluate the feasibility of using a hybrid SPV/WTG system in terms of the energy yield and economic feasibility over the project lifetime.
3.
To analyse and compare the implications of choosing a hybrid SPV/WTG system with respect to a classical DG powered solution in terms of the (i) OPEX savings to maintain profitability for cellular network operators and (ii) GHG emissions that have a bad effect on the environment.
The rest of this paper is organised as follows: Section 2 presents the related work. In Section 3, the system architecture for the hybrid SPV/WTG system to supply LTE-macro BS is described, and Section 4 presents the mathematical model. Section 5 includes the system implementation and configuration, and Section 6 presents the optimization results and discussion. Section 7 presents the comparison and estimation of the feasibility of using the SPV/WTG system approach with the classical solution DG, and Section 8 concludes this paper. Summary of related works of green wireless network optimisation strategies within smart grid environments [11] [12] [13] [14] [15] [16] [17] [18] [19] .
In addition, in a study conducted by the GSMA, which is a mobile trade organization, 320,100 renewable-based off-grid BS sites have already been rolled out in 2014. This number is expected to increase further in 2020 with about 389,800 sites [20] . Summary of related works of green wireless network optimisation strategies within smart grid environments [11] [12] [13] [14] [15] [16] [17] [18] [19] .
System Architecture
In addition, in a study conducted by the GSMA, which is a mobile trade organization, 320,100 renewable-based off-grid BS sites have already been rolled out in 2014. This number is expected to increase further in 2020 with about 389,800 sites [20] . 

LTE Macro-BS Subsystem and Power Consumption Modeling
The BS, a centrally located set of equipment used to communicate with mobile units and the backhaul network, consists of multiple transceivers that in turn consist of a power amplifier that amplifies the input power, a radio-frequency small-signal transceiver section, a baseband for system processing and coding, a DC-DC power supply, and a cooling system. More details on the BS components can be found in [21] .
An LTE-macro BS type is described in [22] with a focus on the component level for three sectors; each BS contains two antennas. BS operating power is expressed as P op = N TRX × (P DC PA + P DC RF + P DC BB )/(1 − σ DC )(1 − σ cool ), where N TRX is the number of transceivers (i.e., transmit/receive antennas per site); P DC PA , P DC RF , and P DC BB are the power amplifier (PA), radio frequency (RF), and baseband power (BB), respectively. Losses incurred by the DC-DC regulator and active cooling (air conditioner) scale linearly with the power consumption of the other components and may be approximated by loss factors σ DC = 6%, and σ cool = 10%. The power consumption of the air-conditioning unit depends on the internal and ambient temperature of the BS cabinet. Typically, an internal and ambient temperature of 25 • C is assumed, resulting in constant power consumption for the air conditioning. P DC PA is a linear function of the BS transmission power P max tx and is expressed as P max tx /η PA , where η PA is the PA efficiency. In general, the BS transmission power depends on the radius of coverage and the signal propagation fading. To simplify the model derivation, the macro BS transmission power is normalized as P o = 40 W with a coverage radius of R o = 1 km. Similarly, the BS transmission power with coverage radius R is denoted by P max
α , where α is the path loss coefficient. Therefore, the BS operating power with coverage radius R is expressed as
In addition, most sites use a microwave backhaul (P mc ), and auxiliary equipment located at the BS site include lighting (P lm ). Then, a mathematical expression for the power consumption of a BS site is given by Equation (1): Table 1 summarises the power consumption of the different pieces of LTE-macro BS equipment for a 2 × 2 multiple-input and multiple-output (MIMO) antenna configuration with three sectors. In addition, Figure 3 shows the hourly load profiles. The alternating current (AC) load includes a 91 W air conditioner that represents 10% of P op and 40 W lighting that operates from 7 PM to 7 AM. The direct current (DC) load includes a BS (P op minus air conditioner equals 819 W and microwave backhaul equals 80 W). In addition, Figure 3 shows the hourly load profiles. The alternating current (AC) load includes a 91 W air conditioner that represents 10% of Pop and 40 W lighting that operates from 7 PM to 7 AM. The direct current (DC) load includes a BS (Pop minus air conditioner equals 819 W and microwave backhaul equals 80 W). 
SPV/WTG Power Subsystem
The solar power supply system consists of various elements (as listed below) that all contribute to energy savings, and have to be designed in a way that allows easy disassembling and component separation for recycling. a. Solar panels: responsible for absorbing shortwave irradiance and converting light into direct current (DC) electricity [23] . b. WTG: responsible for converting wind energy to a regulated power which can be connected to the DC-power bus. Generally, for a small power load, vertical style windmills show some special benefit [23] . c. Regulator charger: the highest power demand in a typical BS is based on 48 Vdc voltage.
Therefore, it is beneficial to use DC/DC solar regulator converters that can directly convert the unregulated DC output voltage and current from a solar panel to a regulated output voltage for the BS equipment to protect the battery bank. d. Battery bank: stores excess electricity for future consumption by the BS at night, during load-shedding hours or if the available solar energy is not sufficient to feed the BS load Lamps (Off) Figure 3 . Hourly load profile for the LTE macro-BS.
The solar power supply system consists of various elements (as listed below) that all contribute to energy savings, and have to be designed in a way that allows easy disassembling and component separation for recycling. a.
Solar panels: responsible for absorbing shortwave irradiance and converting light into direct current (DC) electricity [23] . b.
WTG: responsible for converting wind energy to a regulated power which can be connected to the DC-power bus. Generally, for a small power load, vertical style windmills show some special benefit [23] . c.
Regulator Inverter: An inverter is a device that changes a low DC-voltage into usable 220 V AC voltage. It is one of the system's main elements. Inverters differ by the output wave format, output power and installation type. It is also called a power conditioner because it changes the form of the electric power. There are two types of output wave format: modified sine-wave (MSW) and pure sine-wave. The MSW inverters are economical and efficient; the sine wave inverters are usually more sophisticated with high-end performance that can operate virtually any type of load [23] . f.
Control system: serves as the brains of a complex control, regulation, and communication system. The most common communication units in the remote interface are wireless modems or network solutions. In addition to the control functions, the data logger and alarm memory capabilities are of high importance. All power sources working in parallel are managed by a sophisticated control system and share the load with their capabilities to accommodate the fact that power shortages are not admissible in the cellular telephony sector.
Mathematical Model
This section addresses the details of the mathematical model of a hybrid SPV/WTG system proposed to feed the LTE macro-BS.
Photovoltaic System
The SPV generator contains modules that are composed of many solar cells interconnected in series/parallel to form a solar array. HOMER calculates the energy output of the SPV array (E PV ) by using the following equation [24] ,
where Y PV is the rated capacity of the SPV array (kW), and PSH is a peak solar hour which is used to express solar irradiation in a particular location when the sun is shining at its maximum value for a certain number of hours. Because the peak solar radiation is 1 kW/m 2 , the number of peak sun hours is numerically equal to the daily solar radiation in kWh/m 2 [25] and f PV is the SPV derating factor (sometimes called the performance ratio), a scaling factor meant to account for effects of dust on the panel, wire losses, elevated temperature, or anything else that would cause the output of the SPV array to deviate from the expected output under ideal conditions. In other words, the derating factor refers to the relationship between actual yield and target yield, which is called the efficiency of the SPV. Today, due to improved manufacturing techniques, the performance ratio of solar cells increased to 85%-95%.
Wind Conversion System
This system produces energy by converting the flowing wind speed into mechanical energy and then into electricity. The power contained in the wind kinetic energy is expressed by [24] :
where V is the monthly wind speed (m/s), C p is the coefficient of the Betz limit, which can achieve a maximum value of 59% for all types of wind turbines, and ρ is the corrected monthly air density (kg/m 3 ). HOMER assumes that the power curve applies a standard air density of 1.225 kg/m 3 , which corresponds to standard temperature and pressure conditions. 
Battery Model
The battery characteristics that play a significant role in designing a hybrid renewable energy system are battery capacity, battery voltage, battery state of charge, depth of discharge, days of autonomy, efficiency, and lifetime of battery.
The nominal capacity of the battery bank is the maximum state of charge SOC max of the battery. The minimum state of charge of the battery, SOC min , is the lower limit that does not discharge below the minimum state of charge. The DOD is used to describe how deeply the battery is discharged and is expressed in Equation (4) [24] :
Based on Equation (4), the DOD for the "Trojan L16P" battery is 70%, which means that the battery has delivered 70% of its energy and has 30% of its energy reserved. DOD can always be treated as how much energy the battery delivered. A battery bank is used as a backup system and is sized to meet the load demand when the renewable energy resources failed to satisfy the load. The number of days a fully charged battery can feed the load without any contribution of auxiliary power sources is represented by days of autonomy. The battery bank autonomy is the ratio of the battery bank size to the electric load (LTE-macro BS). HOMER calculates the battery bank autonomy (A batt ) by using the following equation [24] :
where N batt is the number of batteries in the battery bank, V nom is the nominal voltage of a single battery (V), Q nom is the nominal capacity of a single battery (Ah), and L prim,ave is the average daily LTE-macro BS load (kWh). Battery life is an important factor that has a direct impact on replacement costs. Two independent factors may limit the lifetime of the battery bank: the lifetime throughput and the battery float life. HOMER calculates the battery bank life (R batt ) based on these two factors as given in the following equation [24] :
where Q lifetime is the lifetime throughput of a single battery (kWh), Q thrpt is the annual battery throughput (kWh/year), and R batt,f is battery float life (year).
Economic Mathematical Model
HOMER calculates the net present cost (NPC) according to the following equation [24] :
where TAC is the total annualised cost ($). The capital recovery factor (CRF) is given by [24] ,
where n is the project life time, and i is the annual real interest rate. HOMER assumes that all prices escalate at the same rate and applies an annual real interest rate rather than a nominal interest rate. The discount factor (f d ) is a ratio used to calculate the present value of a cash flow that occurs in any year of the project lifetime. HOMER calculates the discount factor by using the following equation [24] :
Energies 2017, 10, 9 8 of 23 NPC estimation in HOMER also considers the salvage cost, which is the residual value of the power system components at the end of the project lifetime. The equation used to calculate the salvage value (S) [24] is:
where rep is the replacement cost of the component, rem is the remaining lifetime of the component, and comp is the lifetime of the component.
System Implementation and Configuration
The implementation of a hybrid SPV/WTG system within the HOMER software and the configurations for the various elements in the system are given in Figure 4 . NPC estimation in HOMER also considers the salvage cost, which is the residual value of the power system components at the end of the project lifetime. The equation used to calculate the salvage value (S) [24] is:
The implementation of a hybrid SPV/WTG system within the HOMER software and the configurations for the various elements in the system are given in Figure 4 . HOMER model the operation of a system by generating energy balance calculations for each of the 8760 h in a year. For every hour, HOMER compares the electric demand of BS in one hour to the energy that the system can supply in that hour, calculates the energy flows to and from each component of the system, and determines whether to charge or discharge the batteries. The model then decides whether or not a configuration is feasible, i.e., whether it can meet the electric demand under the specified conditions, and estimates the cost of installing and operating the system throughout the lifetime of the project. Figure 5 summarizes the main parts of HOMER simulation, inputs, optimization, and outputs; to finding the best optimized system with low NPC. To perform simulation and optimisation of a power system using the HOMER tool, information and data on natural resouces (wind speed and solar irradiance data), LTE BS load, economic constraints (real interest rate), equipment costs and lifetime, project lifecycle are required, which will provide in the following subsections. HOMER model the operation of a system by generating energy balance calculations for each of the 8760 h in a year. For every hour, HOMER compares the electric demand of BS in one hour to the energy that the system can supply in that hour, calculates the energy flows to and from each component of the system, and determines whether to charge or discharge the batteries. The model then decides whether or not a configuration is feasible, i.e., whether it can meet the electric demand under the specified conditions, and estimates the cost of installing and operating the system throughout the lifetime of the project. Figure 5 summarizes the main parts of HOMER simulation, inputs, optimization, and outputs; to finding the best optimized system with low NPC. To perform simulation and optimisation of a power system using the HOMER tool, information and data on natural resouces (wind speed and solar irradiance data), LTE BS load, economic constraints (real interest rate), equipment costs and lifetime, project lifecycle are required, which will provide in the following subsections. NPC estimation in HOMER also considers the salvage cost, which is the residual value of the power system components at the end of the project lifetime. The equation used to calculate the salvage value (S) [24] is:
The implementation of a hybrid SPV/WTG system within the HOMER software and the configurations for the various elements in the system are given in Figure 4 . HOMER model the operation of a system by generating energy balance calculations for each of the 8760 h in a year. For every hour, HOMER compares the electric demand of BS in one hour to the energy that the system can supply in that hour, calculates the energy flows to and from each component of the system, and determines whether to charge or discharge the batteries. The model then decides whether or not a configuration is feasible, i.e., whether it can meet the electric demand under the specified conditions, and estimates the cost of installing and operating the system throughout the lifetime of the project. Figure 5 summarizes the main parts of HOMER simulation, inputs, optimization, and outputs; to finding the best optimized system with low NPC. To perform simulation and optimisation of a power system using the HOMER tool, information and data on natural resouces (wind speed and solar irradiance data), LTE BS load, economic constraints (real interest rate), equipment costs and lifetime, project lifecycle are required, which will provide in the following subsections. 
Solar Radiation
The monthly average solar radiation values used in this study are obtained based on both the Korea Meteorological Administration (KMA) and the NASA Surface Meteorology and Solar Energy using the longitude and latitude of South Korea [26, 27] .
The average daily solar radiation in South Korea, which is located at a latitude between 34 • and 38 • north, is estimated to be 4.01 kWh/m 2 and varies from 2.474 kWh/m 2 in December to 5.622 kWh/m 2 in May [26, 27] . The monthly variation, as shown in Figure 6 , is largely due to the shift in the elevation angle of the sun.
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The average daily solar radiation in South Korea, which is located at a latitude between 34° and 38° north, is estimated to be 4.01 kWh/m 2 and varies from 2.474 kWh/m 2 in December to 5.622 kWh/m 2 in May [26, 27] . The monthly variation, as shown in Figure 6 , is largely due to the shift in the elevation angle of the sun. 
Wind Speed
The wind energy resource data used in this paper was mainly obtained from the Weather Resource Maps of the National Institute of Meteorological Science (NIMS). Figure 8 shows the average wind speed at 50 m above the surface of the earth in South Korea [29] . The average wind speed in the most of the interior of South Korea does not exceed 4 m/s. However, the wind speed above 7.5 m/s can be observed in the mountainous regions nearby east coast, the southeastern coast, and Jeju Island which is located at the below of the peninsula. In particular, almost every region in Jeju Island shows the wind speed above 5.5 m/s, which is the main reason why a lot of wind turbines have been installed in Jeju Island.
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Load Profile
The LTE-macro BS load is critical for designing a reliable and efficient system. Sizing and modelling of the solar power system depend on the load profile. We used 24-hour load values for 365 days for an accurate analysis. The seasonal load profiles for both the DC and AC loads are shown in Figure 10 . 
Technical and Economic Criteria of the SPV/WTG System
The control parameters and the technical and economic criteria of the SPV/WTG system's components are provided in the following subsections.
Annual Real Interest Rate and Project Lifetime
The South Korea annual real interest rate was 1.25% in June 2016 [30] . However, the lifetime of the project is 10 years, representing the lifetime of the BS equipment [31] .
SPV
The "Sharp" solar model is considered in this study; this model has highly efficient, affordable systems. Moreover, the Sharp solar module incorporates an advanced surface to increase light 
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Annual Real Interest Rate and Project Lifetime
SPV
The "Sharp" solar model is considered in this study; this model has highly efficient, affordable systems. Moreover, the Sharp solar module incorporates an advanced surface to increase light absorption and improve efficiency [32] . The technical specifications and costs used in the HOMER simulation based on the proposed solar model are listed below: a.
Economic issues: the initial installation costs of SPV, the replacement costs, and the annual O&M costs per 1 kW are $1000, $1000, and $10, respectively. b.
Technical issues: the lifetime of an SPV array is 25 years; a derating factor of 0.9, a reflectance of 20%, and a dual-axis tracking system for the SPV array are used in this paper. c.
SPV size: the sizes of the simulation values of the applied SPV panels are 4, 4.5, 5, 5.5, 6, 6.5, and 7 kW.
WTG
The FT-1000L WTG model is considered in this study; this model is affordable [33] . In addition, Figure 11 summarises the output power at different wind speed values. The technical specifications and costs used in the HOMER simulation are based on the proposed WTG model and are listed below: a.
Economic issues: the initial installation costs of a WTG, the replacement costs, and the annual O&M costs per 1 kW are $600, $600, and $50, respectively.
b.
Technical issues: the lifetime of a WTG and the height of the hub are 15 years and 50 m, respectively. c.
WTG size: the sizes of the simulation values of the applied WTG are 1, 2, and 3 kW.
WTG
The FT-1000L WTG model is considered in this study; this model is affordable [33] . In addition, Figure 11 summarises the output power at different wind speed values. The technical specifications and costs used in the HOMER simulation are based on the proposed WTG model and are listed below: a. Economic issues: the initial installation costs of a WTG, the replacement costs, and the annual O&M costs per 1 kW are $600, $600, and $50, respectively. b. Technical issues: the lifetime of a WTG and the height of the hub are 15 years and 50 m, respectively. c. WTG size: the sizes of the simulation values of the applied WTG are 1, 2, and 3 kW. 
Battery
The "Trojan L16P" battery model is considered in this study, which provides good characteristics combined with low cost. Figure 12 summarises the technical specifications to "Trojan L16P" battery model. More details can be found in [34] . The technical specifications and costs used in the HOMER simulation based on the proposed battery model are listed below: a. Economic issues: the initial installation costs of a battery, the replacement costs, and the annual O&M costs per unit are $300, $300, and $10, respectively. b. Technical issues: the lifetime of the "Trojan L16P" battery and the efficiency are set as 5 years and 85%, respectively. c. Battery size: the sizes of the simulation-values of the applied inverter are 32, 40, 48, 56, 64 and 72 units. 
The "Trojan L16P" battery model is considered in this study, which provides good characteristics combined with low cost. Figure 12 summarises the technical specifications to "Trojan L16P" battery model. More details can be found in [34] . The technical specifications and costs used in the HOMER simulation based on the proposed battery model are listed below: a.
Economic issues: the initial installation costs of a battery, the replacement costs, and the annual O&M costs per unit are $300, $300, and $10, respectively. b.
Technical issues: the lifetime of the "Trojan L16P" battery and the efficiency are set as 5 years and 85%, respectively. c.
Battery size: the sizes of the simulation-values of the applied inverter are 32, 40, 48, 56, 64 and 72 units. Moreover, the technical specifications, costs, economic parameters, and system constraints that are used in the present study are summarized in Table 2 below. Table 2 . The energy output, the economic analysis of the proposed hybrid power system, and the related sensitivity analysis are provided in the following paragraphs. Table 3 includes a summary of the economic and technical criteria for an optimal design of the SPV/WTG system based on different values of solar radiation and a 4.0 m/s wind speed. Table 3 indicates that the size of the SPV array decreases with increasing solar radiation. In contrast, the size of the WTG is 1 kW for all solar radiation cases because the wind speed is constant at 4.0 m/s. The optimal number of batteries, which was found by the HOMER simulation for the system, is 64 batteries. In addition, the inverter (DC/AC) needed must be capable of handling 0.2 kW.
Optimization and Simulation Results
Different
Optimisation Criteria
The SPV array, which is a 20 Sharp ND-F4Q300 module (polycrystalline), is rated at 6.0 kW with a voltage V pm of 35.20 V dc , a current I pm of 8.52 A, and a power P pm of 300 W. A 20 Sharp ND-F4Q300 module will be connected with four in series and five in parallel to be compatible with the specifications of the solar control regulator chosen in this study, the Solarcon SPT-4830 [35] . [31] is 6 V dc , and the nominal capacity is 360 Ah. Thus, the optimal number of batteries (64 batteries) found by the HOMER simulation for the system will be connected with eight in series and eight in parallel because the DC bus-bar is 48 V dc . A typical daily AC load is (air conditioner 91 W + lamps 40 W). Therefore, the inverter must be capable of handling 0.2 kW. SU200P, which has specifications of 200 W, an input voltage of 12/24/48 V dc , an output voltage of 220/110 V ac , an AC output frequency of 50 Hz/60 Hz, and a pure sine wave can be chosen.
The system costs consist of the following: (i) the IC cost is paid at the beginning of the project and decreases with decreasing size of the elements of the project; (ii) The operating cost is paid annually, and most of this cost goes towards operating and maintaining the battery bank; (iii) The NPC represents all costs that occur within the project lifetime, including IC costs, component replacements within the project lifetime and O&M costs. Table 3 indicates that the IC and O&M costs decrease with increasing solar radiation because the SPV array size decreases, reducing the total cost (NPC) of the hybrid SPV/WTG system. Figure 13 summarises the annual energy contributions of different sources for different average daily solar radiation values at a wind speed of 4.0 m/s. The energy delivered to the SPV array load depends on the value of solar radiation and the size of the SPV array. However, the energy delivered to the load of the WTG is the same because the optimal WTG size is fixed. Figure 13 summarises the annual energy contributions of different sources for different average daily solar radiation values at a wind speed of 4.0 m/s. The energy delivered to the SPV array load depends on the value of solar radiation and the size of the SPV array. However, the energy delivered to the load of the WTG is the same because the optimal WTG size is fixed. The following statistical analysis discusses the energy production based on the average daily solar radiation (4.0 kWh/m 2 ) and wind speed (4.0 m/s) for South Korea as a case study. However, this analysis can be extended to other cases, yielding a slight difference in daily peak solar hours per case depending on the average daily solar radiation.
Energy Yield Analysis
The annual energy contribution of the SPV array is computed based on Equation (2), SPV rated capacity is 6.0 kW × PSH 4.01 h × SPV derating factor 0.9 × 365 days/year, which equals 7904 kWh. However, the tracking system plays a role in increasing the total amount of energy produced by a SPV array. The present simulation adopted a dual axis tracker that increased the total amount of energy to 11,832 kWh. Each hour, HOMER calculates the power output of the wind turbine in a fourstep process. First, it determines the average wind speed for the hour at the anemometer height by referring to the wind resource data. Second, it calculates the corresponding wind speed at the turbine's hub height using either the logarithmic law or the power law. Third, it refers to the turbine's power curve to calculate the turbine's power output at that wind speed assuming standard air density. Fourth, it multiplies that power output value by the air density ratio, which is the ratio of The following statistical analysis discusses the energy production based on the average daily solar radiation (4.0 kWh/m 2 ) and wind speed (4.0 m/s) for South Korea as a case study. However, this analysis can be extended to other cases, yielding a slight difference in daily peak solar hours per case depending on the average daily solar radiation.
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Economic Analysis
The cash flow summary of the hybrid power system within the project lifetime based on the average daily solar radiation (4.0 kWh/m 2 ) and wind speed (4.0 m/s) for South Korea as a case study is given in Figure 18 . However, this analysis can be extended to other cases. The breakdown for the IC, replacement, O&M and salvage costs incurred within the project lifetime is given in the following paragraphs. The IC cost, paid once at the beginning of the project, is directly proportional to the size of the system. From Table 3 
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The cash flow summary of the hybrid power system within the project lifetime based on the average daily solar radiation (4.0 kWh/m 2 ) and wind speed (4.0 m/s) for South Korea as a case study is given in Figure 18 . However, this analysis can be extended to other cases. The breakdown for the IC, replacement, O&M and salvage costs incurred within the project lifetime is given in the following paragraphs. The IC cost, paid once at the beginning of the project, is directly proportional to the size of the system. From Table 3 The IC cost, paid once at the beginning of the project, is directly proportional to the size of the system. From Table 3 It is clear that the battery bank represents the bulk of both the IC and O&M costs. However, this cost depended on the number of batteries in the system. Herein, the optimal number of batteries was determined by HOMER to be 64 battery; the number of batteries can be reduced. However, the load autonomy decreases, which is considered to be an important issue, especially in remote rural areas.
The batteries have a lifetime of 10 years, which is the same as the project lifetime; the SPV array has a lifetime of 25 years, and the WTG has a lifetime of 15 years. Thus, neither requires replacement.
Each component has a salvage value at the end of the project lifetime. The SPV array salvage value is $3600, the highest in the system, which was computed based on Equation (10), (SPV array remaining lifetime (15)/SPV array lifetime (25) ) multiplied by the replacement cost of the SPV array, $6000. While, the WTG salvage value is $200 the inverter salvage value is $27. Thus, the total salvage value at the end project lifetime is $3827.
The economic analysis described above has been conducted on the basis of the nominal system. However, Figure 19 showed the discount factor for each year of the project lifetime, which computed based on Equation (9) .
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The economic analysis described above has been conducted on the basis of the nominal system. However, Figure 19 showed the discount factor for each year of the project lifetime, which computed based on Equation (9). The total NPC calculates by summing up the total discounted cash flows in each year of the project lifetime, as follows: include capital costs $25,880 + O&M costs $7075 − salvage $3645, equal $29,810. This analysis can be extended to other cases in which the cost of the system depends on the elements and the size of the components in the system. Figure 20 summarized the total discounted costs occurring within the project lifetime for the hybrid SPV/WTG system. determined by HOMER to be 64 battery; the number of batteries can be reduced. However, the load autonomy decreases, which is considered to be an important issue, especially in remote rural areas.
The economic analysis described above has been conducted on the basis of the nominal system. However, Figure 19 showed the discount factor for each year of the project lifetime, which computed based on Equation (9). 
Comparison of the Feasibility of Using a Hybrid SPV/WTG system vs. a Diesel Generator
The comparison between the traditional power system DG and the proposed SPV/WTG system is summarized into two important key aspects: (i) economic feasibility and (ii) greenhouse gases (GHG) emissions. The following discussion is based on an average daily solar radiation for South Korea of 4.0 kWh/m 2 and a wind speed of 4.0 m/s as a case study. However, this discussion can be extended to include other cases of solar radiation, with a slight difference in the IC, O&M, and salvage costs.
Diesel Generator
The DG needed approximately is 4 kW, which computed as (maximum LTE-macro BS, AC and DC load 1.1 kW) divided by (DG efficiency 30% [7] × converter efficiency 95%):
i.
IC cost: the DG IC cost is $2640 (size 4 kW × cost $660/1 kW). However, the fossil fuels not sustainable and expensive, and the price go up continuously. ii.
O&M cost: the annual cost for the maintenance and operation of the DG amounted to $4680 (without counting the cost of fuel transport). A breakdown of this cost, (i) $438 for DG maintenance per year based on a DG maintenance cost of $0.05/h × annual DG operating hours 8760 h; and (ii) a fuel cost of $4242, based on the diesel price of $1.04/L [36] ) multiplied by the a total diesel consumption of 4079 L per year, which computed based on a specific fuel consumption of 0.388 L/kWh × annual electrical production of the DG of 10,512 kWh/year (DG capacity size 4 kW × DG efficiency 0.3 × 24 h × 365 days/year). iii.
Replacement cost: mobile operator may need to change the DG every 3 years, which means at least three times during the life of the project. Thus, the total DG replacement cost is 3 × (size 4 kW × cost $660/1 kW), equal $7920 at least. iv.
NPC cost: the total NPC include IC cost $2640 + O&M cost $46,800 + Replacement cost $7920, equal $57,360 over the project lifetime (10 years); without counting the cost of fuel transport, which adds further to this cost. v.
GHG emissions: According to [37] , the CO 2 emissions of diesel fuel are 2.68 kg/L. Hence, the total annual CO 2 emissions are 10,931 kg, computed based on the specific annual diesel consumption of 4079 L multiplied by 2.68 kg CO 2 /L.
Hybrid SPV/WTG System
i. IC cost: the hybrid SPV/WTG system IC cost is $25,880. The IC cost of the SPV/WTG system is high, due to that the components of the system are expensive comparing with DG. However, the global price of SPV/WTG system go down continuously. ii.
O&M cost: by applying the proposed SPV/WTG system; a large benefits for mobile operators can be achieved for long term. Since the annual O&M cost can be decreasing to $752, which mean saving amounted 83.83% comparing with O&M cost for DG. However, savings rate will increase more and more in the future, due to the continuing rise in fuel prices. iii.
Replacement cost: by applying the proposed SPV/WTG system, the batteries have a lifetime of 10 years, which is the same as the project lifetime, the SPV array has a lifetime of 25 years, and WTG and inverter have has a lifetime of 10 years, so neither requires replacement. iv.
NPC cost: the total NPC include capital costs $25,880 + O&M costs $7028 − salvage $3380, equal $29,528 over the project lifetime (10 years). v.
GHG emissions: Renewable energy systems (RESs) are considered an icon of all that is green. Hence, the trend towards RESs is increasing all over the world to eliminate GHG emissions and minimise the effect on both the wallet and the environment.
By applying the proposed SPV/WTG system, the total NPC that can be saving amounted up to 48.52%. Figure 21 summarized OPEX of the traditional power system (DG only) compare with the proposed SPV/WTG system over the project lifetime (10 years). 
Conclusions
Providing a reliable, secure power and energy system is one of the main issues in cellular networks. Accordingly, this study examined suppling LTE-macro BSs the needed energy by a hybrid SPV with a WTG power system. Three key aspects have been discussed: (i) optimal system architecture; (ii) energy yield analysis; and (iii) economic analysis. The optimum criteria, including economic and technical feasibility parameters, were analysed using the HOMER software package developed by the U.S. National Renewable Energy Laboratory (NREL).
Moreover, the comparison between the proposed hybrid SPV with WTG power system and the classical solution "diesel generator (DG)" was evaluated in terms of: (i) OPEX savings, where the result showed that the OPEX savings is up to $27,832 (representing 48.52%); and (ii) GHG emissions, with the CO2 emissions decreasing to zero.
Finally, many contributions have been provided, such as decreasing OPEX and gas emissions, ensuring sustainability with better cellular network planning and providing cleaner energy, with an emphasis on the application of optimization methods in power system operation and planning. 
